Ocean acidification and warming are known to alter, and in many cases decrease, calcification rates of shell and reef building marine invertebrates. However, to date, there are no datasets on the combined effect of ocean pH and temperature on skeletal mineralization of marine vertebrates, such as fishes. Here, the embryos of an oviparous marine fish, the little skate (Leucoraja erinacea), were developmentally acclimatized to current and increased temperature and CO 2 conditions as expected by the year 2100 (15 and 208C, approx. 400 and 1100 matm, respectively), in a fully crossed experimental design. Using micro-computed tomography, hydroxyapatite density was estimated in the mineralized portion of the cartilage in jaws, crura, vertebrae, denticles and pectoral fins of juvenile skates. Mineralization increased as a consequence of high CO 2 in the cartilage of crura and jaws, while temperature decreased mineralization in the pectoral fins. Mineralization affects stiffness and strength of skeletal elements linearly, with implications for feeding and locomotion performance and efficiency. This study is, to my knowledge, the first to quantify a significant change in mineralization in the skeleton of a fish and shows that changes in temperature and pH of the oceans have complex effects on fish skeletal morphology.
Introduction
Anthropogenic activity has caused an increase in atmospheric concentrations of carbon dioxide ( pCO 2 ) that has now reached about 400 ppm (in 2018), a growth of approximately 41% since pre-Industrial Revolution levels, which produced a rise in the global average temperature of 0.88C and a decrease of 0.1 unit pH [1] . Models of human activity continuing in 'business-as-usual' project an additional increase in global temperature of up to 58C and a decline of an additional 0.4 units by the end of 2100, if emissions are not significantly curbed [2] . Therefore, aquatic organisms are expected to be challenged simultaneously by at least two climate-related stressors, warming and acidification. Not surprisingly, in the past years, a crucial quest for physiologists has been to identify responses of organisms to these major stressors in order to forecast outcomes of environmental change on ecosystems [3] .
Marine ectotherms have an intimate relationship with their thermal environment, as virtually every physiological process is, at some degree, affected by ambient temperature [4, 5] . In fact, in the past century, biologists have successfully and methodically characterized this relationship by quantifying thermal niches, limits and optimal conditions for physiological performance in a wide range of organisms [4, 6] . Rates of physiological processes respond relatively rapidly to changes in temperature, and these have been quantified across different time scales. On the other hand, the effects of ocean acidification on fishes have been investigated to a much lesser degree. Most of the work on ocean acidification has focused on calcifying invertebrates, especially on the severe reduction in shell and exoskeleton formation when exposed to low pH conditions, making them important sentinels of environmental change [7] [8] [9] [10] [11] .
Ocean acidification alters behaviour, escape response, development and activity in several species of fish [12] [13] [14] [15] . Additionally, several studies have now documented an increase in calcification of the otolith (ear stone, made of calcium carbonate) of different species of fish as a consequence of ocean acidification [16, 17] . In a study that exposed larval cobia Rachycentron canadum to simulated conditions expected by year 2300 (approx. 2100 matm), the otolith density, volume and area increased; however, no effect was found when larvae were exposed to lower pCO 2 conditions (approx. 800 matm) [16] . A similar result was found in the clownfish Amphiprion percula, which showed an increase in otolith size and shape at 1721 matm CO 2 but not at 1050 matm pCO 2 [18] . However, larvae of white sea bass Atractoscion nobilis exhibit larger otoliths when compared with a control [17] . Although otoliths are crucial for fishes to detect pressure, auditory stimuli and to maintain postural equilibrium [15, 16] , no study to date has evaluated the effects of ocean acidification and warming on fish skeleton mineralization (density). Skeletons have an essential function in structure, movement and protection of vertebrates. Although vertebrate skeletons share the same major extracellular components and biological apatite, the skeleton of a group of fishes, the elasmobranchs, differs because it is largely made of a core of unmineralized cartilage covered by a layer of highly mineralized tiles, called tesserae [19] [20] [21] . As the density of calcium phosphate (hydroxyapatite, or HA, Ca 5 (PO 4 ) 3 (OH)) in the mineralized cartilage is a good predictor of mechanical properties, strength, stiffness and mass of the elasmobranch skeleton [22] [23] [24] , it is important to understand if ocean acidification and warming interfere with the mechanisms responsible for accumulating and storing phosphate.
In this study, I tested the hypothesis that ocean acidification and warming would affect mineralization of fish skeleton. As far as is known, this is the first study to quantify the effect of these climate change stressors on mineralization in a phosphate system (vertebrates) rather than a carbonate system (invertebrates). In this study, little skate Leucoraja erinacea were exposed to simulated current and future ocean conditions throughout embryonic development and continued posthatching to determine the effect of ocean acidification and warming on juvenile fish. The little skate was chosen as a model organism because considerable work has been conducted using this species, in order to understand the mechanisms underlying the responses of fishes, and in particular elasmobranchs, to climate change stressors and environmental change.
Material and methods (a) Animals and experimental set-up
Newly laid (less than 1 week-old) little skate L. erinacea embryos (total n ¼ 40, n ¼ 10 replicates per treatment, four treatments) were acquired from the Marine Biological Laboratory (Woods Hole, MA, USA), transported in a thermally stable tank and randomly assigned to a treatment group (one embryo per tank, 10 independent tanks per treatment, a total of 40 independent tanks). Skate embryos were maintained at constant conditions for the duration of their entire development (about five to six months) and after hatching (about two weeks post-hatching). Temperature and CO 2 levels were chosen to simulate present and future warming and ocean acidification scenarios; 15 and 208C, 400 and 1100 matm [2] . Skate embryos were acclimatized to simulated ocean conditions by increasing temperature 0.58C and 0.05 pH unit, daily until experimental conditions were achieved [25, 26] .
Embryos and hatchlings were housed in a closed system located inside a temperature-controlled environmental chamber set at 128C as described previously [12, 27] . Briefly, each tank (150 l) was supplied with artificial seawater (Instant Ocean mixed with deionized water) and independently filtered. The use of Instant Ocean has limitations, as it may cause higher than average alkalinities [28, 29] ; however, variation in alkalinities was similar to previous studies on the effect of ocean acidification on skates and invertebrates [12, 30] [2, 31] and by accounting for the predictions that see the Gulf of Maine-Georges Bank area in the northwest Atlantic warming at a faster rate when compared with the global trends [32] [33] [34] . To maintain these CO 2 levels, each tank was independently controlled by an Aqua Medic pH computer (i.e. one pH computer per tank) that triggered the supply of a mixture of air : CO 2 (water pH 7.7 which resulted in pCO 2 approx. 1100 matm) or was fitted with a line that supplied ambient air (water pH 8.1 which resulted in pCO 2 approx. 400 matm). Total alkalinity was estimated using titration and reference material provided by Andrew Dickson (Scripps Institute of Oceanography). Water parameters were calculated in CO2SYS [35] using suggested constants [36] (electronic supplementary material, table 1). The 40 experiments were not carried out simultaneously but rather in sets, with varying mixed artificial seawater, and this experimental design contributed to the recorded variability in alkalinity (electronic supplementary material, table 1). Temperature and pH levels were checked twice per day using a Traceable NIST (National Institute of Standards and Technology) calibrated thermometer and a Hach w pH meter (Pocket Proþ pH Tester). Each pH probe was calibrated weekly using buffers. Water quality analyses (ammonia, nitrites, nitrates, salinity and dissolved oxygen) were performed and 30% water changes were made weekly to ensure excellent water quality (no ammonia and nitrites) and constant salinity (33 ppt). Conditions were maintained during water changes by transferring water that was already pre-heated (to either 15 or 208C from 128C) and/or after the mixture of air : CO 2 was already introduced (treatment with pH 7.7). Skates were reared on a 14 L : 10 D photoperiod and, once hatched, were fed daily a diet of frozen mysis shrimp ad libitum.
(b) Computed tomography scanning procedures and analyses
Natural mortality is relatively high in juvenile skates [27] and those individuals that died around two weeks of age during exposure to treatments in the laboratory were massed, measured and successively skeletal parts closely linked to locomotion (wing or pectoral fin, crus, denticle and vertebra) and feeding ( jaw) were dissected out to be analysed (figure 1). All samples were stored in Ringer's solution and frozen until scanning. Skates as well as skeletal parts were photographed and successively digitally measured using IMAGE J [37] . Three-dimensional skeletal density was quantified using micro-computed tomography (micro-CT) imaging (figure 1). Skeletal elements were grouped by type across treatments, mounted in extruded polystyrene rigid foam to eliminate shifts during procedure and scanned with a standard for hydroxyapatite (Scanco Medical) in a plastic container. Skeletal parts were not stained. All parts were scanned at 200 mA and 40 kV for 900 ms with a rotation angle of 0.458 and full 3608 rotation (SkyScan1173, Micro Photonics, Inc., Allentown, PA, USA ) were calculated from grey values using a standard curve derived from the measurements of five hydroxyapatite rods of known density (HA standard) scanned with each sample.
Values of HA density of the tesserated cartilage were averaged from 10 measurements for each part for 10 skates per treatment prior to analyses. The assumptions for normality [38, 39] and homogeneity of variance [40] were met ( p . 0.05), and a two-way analysis of variance (ANOVA) was used to analyse the single and combined effect of pCO 2 and temperature on HA density. Although, a standard for fluorapatite (Ca 5 (PO 4 ) 3 F) was not available in this study, grey values (as Hounsfield units) were collected on a subsample of teeth (n ¼ 10 teeth per skate, four skates per treatment) to explore a potential effect of ocean acidification and warming using a two-way ANOVA. The effect of pCO 2 and temperature was also tested on measurements (cm) of the skeletal parts analysed (wing, crus, vertebra and jaws) as well as on mass, body condition, disc length and width (figure 1). Mean values of different treatments were compared with a control (158C, 400 matm) using a Dunnett's test. If an interaction between factors was found, it was reported following the ANOVA. All analyses were conducted with a ¼ 0.05. Data were analysed using JMP PRO v. 13 (SAS Institute, Inc.).
Results
Little skate disc width and body condition were affected by the treatments (two-way ANOVA, F 3,36 ¼ 7.16, p , 0.001 and F 3,36 ¼ 5.50, p ¼ 0.003, respectively). In particular, while disc width increased with temperature ( p ¼ 0.002, with a significant interaction with pCO 2 : p ¼ 0.006, which resulted in a significant difference between treatments and control only at high temperature and pCO 2 ; Dunnett's test; figure 2), body mass was not significantly affected by temperature ( p ¼ 0.2) or pCO 2 ( p ¼ 0.1). This resulted in a significant reduction of body condition with acidification and temperature ( p ¼ 0.02 and 0.002, respectively). Mean body condition was only significantly different at high temperature and pCO 2 when compared to control conditions (Dunnett's test; figure 2). Disc length was not affected by either temperature or pCO 2 (two-way ANOVA, F 3,36 ¼ 1.38, p ¼ 0.2). Simulated ocean acidification and warming did not affect the length of vertebra (two-way ANOVA, F 3,36 ¼ 1.27, p ¼ 0.3). The length of the crus was only significantly reduced as a consequence of pCO 2 (two-way ANOVA, F 3,36 ¼ 1.27, p ¼ 0.03), with no effect of temperature ( p ¼ 0.09). The Dunnett's test showed that only the mean value of crus length at high temperature and pCO 2 was statistically different from that of control conditions ( figure 2) .
Similarly, jaw width significantly declined with pCO 2 (twoway ANOVA, F 3,36 ¼ 3.15, p ¼ 0.005), but temperature had no significant effect ( p ¼ 0.9). Warming increased significantly the wing width of skates (two-way ANOVA, F 3,36 ¼ 6.10, Figure 1 . Little skate L. erinacea (a) skeleton was sampled (b, jaw; c, vertebra; d, wing with denticles; e, crus) to determine cartilage mineralization (as hydroxyapatite density) using micro-CT imaging. From each scan, a three-dimensional model was used to measure and compare mineralization across different treatments. Measurements of skates and each part sampled are indicated (i, disc length; ii, disc width; iii, jaw width; iv, vertebra length; v, wing width; vi, crus length).
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Although pCO 2 did not affect wing width ( p ¼ 0.1), there was a significant interaction between temperature and pCO 2 ( p ¼ 0.009). In fact, the Dunnett's test showed that only the mean value at high temperature and pCO 2 was statistically different from control conditions (figure 2). Hydroxyapatite density increased significantly with ocean acidification, while it decreased with temperature in some skeletal parts (figure 3). Simulated ocean acidification and warming significantly affected cartilage mineralization of the crus (two-way ANOVA, F 3,36 ¼ 13.64, p , 0.001), jaw (two-way ANOVA, F 3,36 ¼ 6.31, p ¼ 0.001) and wing (twoway ANOVA, F 3,36 ¼ 7.92, p , 0.001). No significant effect of either ocean acidification or warming was detected on the denticle (two-way ANOVA, F 3,36 ¼ 0.81, p ¼ 0.5) and the vertebra (two-way ANOVA, F 3,36 ¼ 0.25, p ¼ 0.8). The density of HA of the crus significantly increased with acidification ( p , 0.001) at both temperatures (Dunnett's test; figure 3), while temperature alone did not exert a significant effect ( p ¼ 0.2). Similarly, HA density increased with acidification in the jaw ( p ¼ 0.01), with no significant effect of temperature ( p ¼ 0.06), but there was a significant interacting effect of temperature and pCO 2 that reduced mineralization at the highest temperature ( p ¼ 0.006). As a consequence, mean HA was significantly elevated only at 158C and 1100 matm when compared with the control (Dunnett's test; figure 3 ). Wing mineralization significantly decreased with temperature ( p , 0.001) at both pCO 2 conditions, with no effect of ocean acidification ( p ¼ 0.055; Dunnett's test; figure 3 ). Comparison of grey values on a subset of teeth showed that mineralization was not affected by either temperature ( p ¼ 0.1) or acidification ( p ¼ 0.08).
Discussion (a) Ocean acidification and warming alter skeletal mineralization
As far as I know, this is the first study to quantify the effect of ocean acidification and warming on skeleton mineralization of a fish. Overall, simulated ocean acidification increased the density of hydroxyapatite in major components of the skeleton. This result stands in sharp contrast with most previous studies in which the calcium carbonate exoskeleton of marine invertebrates showed a decrease in mineralization with ocean acidification [7] [8] [9] . Even though some invertebrate species are able to maintain an elevated pH at their site of calcification to maintain constant rates, this comes at a cost [10, 11] . In a review of more than 40 studies on the effect of ocean acidification on molluscs, the emerging pattern is that shell calcification is reduced at low pH levels [41] . When the shell or skeleton of calcifying invertebrates is thinner and therefore is more susceptible to fracture, predation pressure increases for these animals [41] . While in marine invertebrates the reduction in CaCO 3 as a consequence of low pH is owing to a relatively straightforward chemical reaction (i.e. H þ precipitates Ca 2þ in the skeleton), the possible mechanism underlying the increase in HA in the skeleton of vertebrates needs further clarification. Here, I outline a few plausible mechanisms that could be responsible for the increase in mineralization in the skeleton of elasmobranch fishes. First, CO 2 is a poison, known to affect the neurotransmitter responsible for regulation of Ca 2þ deposition [16, 42] . For example, otolith growth and calcification has been shown to be regulated neurally [43] . A study of neuronal control of the calcium supply in the inner ear of cichlid fishes showed a significant precipitation of calcium accumulated at the macular tight junctions [44, 45] . It is, in fact, hypothesized that neuronal activity is responsible for the release of calcium into the endolymph of the otolith by altering the permeability of these junctions [43] . Moreover, several studies have now shown that otolith growth and calcification increases, presumably as a result of interference with neural activity, in at least a few larval fishes exposed to elevated pCO 2 [17, 42] . Although cartilage tissue is not deeply innervated, there is evidence that nerve fibres are in contact with the outer layer of cartilage in vertebrates [46] . Neuronal activity, therefore, may regulate not only calcium deposition in the otolith of fishes but also cartilage matrix mineralization and growth. Another likely mechanism responsible for increased mineralization of cartilage with ocean acidification may be linked to the physiological response of fishes when challenged with ; crus (cm); jaw (cm); vert, vertebra (cm); wing (cm)) developed at four different conditions of temperatures and pCO 2 (15, 208C, 400 and 1100 matm). Asterisks indicate statistically significant differences in means between treatments and control (158C and 400 matm) using a two-way ANOVA (n ¼ 10; factors: temperature and CO 2 ) followed by Dunnett's test (a ¼ 0.05).
royalsocietypublishing.org/journal/rspb Proc. R. Soc. B 286: 20182187 fluid acidosis. Fishes are able to compensate for changes in acid -base status within their extracellular body fluids via bicarbonate and non-bicarbonate buffers [47] . In fact, fish gills respond fairly rapidly to acidification by increasing phosphate in body fluids [47] [48] [49] . In skates, the increase in buffer capacity is proportional to pH decrease in the water, and skates can achieve acidity compensation within 24 h [50] . Perhaps, this exceptional buffering capacity may have the side effect of accumulating phosphate in blood and tissues and, consequently, in the cartilage. Therefore, CO 2 -induced acidosis may indirectly contribute to increased skeletal HA density, by increasing phosphate concentration in fish blood. Higher HA density in simulated acidified oceans is, at first, an unexpected result when compared with results from studies on calcifying invertebrates, but a plausible consequence of the effective buffering capacity of elasmobranchs challenged by acidification. In fact, external structures such as denticles and teeth are not affected by acidification. A similar result on denticles was also demonstrated in a previous study on benthic sharks [51] , supporting the hypothesis that acidification plays a significant role in physiological processes related to mineralization, rather than a direct effect on the physical structure of the skeleton per se, as instead seen in shell-forming invertebrates [41] .
Interestingly, warming had an opposite effect on skeleton mineralization. At higher temperature, HA density decreased in the skates' skeleton structures that relate to locomotion, i.e. the wings. The regulation of cartilage mineralization in fishes requires a more in-depth analysis to fully understand the underpinning mechanisms involved in the response to warming. However, previous studies on the effect of climate-related stressors showed that skates challenged by warming had reduced aerobic scope and increased stress [12, 52] . Therefore, a reduced mineralization of the skeleton may be an indirect effect of temperature, which reduced the aerobic scope [12, 27] and therefore the energy available for physiological processes, such as perhaps skeletal mineralization. It is indeed interesting that the only measured significant differences in mineralization linked to temperature are, in fact, seen in wings which are the skeletal element most closely associated with growth of the animal. In fact, while both disc and wing width increased at the high temperature and pCO 2 tested, mass was not significantly affected, thus resulting in a reduction of body condition in conjunction with the reduction in mineralization found in the wing. However, an increase in mineralization was observed in the crura and the jaws regardless of size, suggesting that an increase in mineralization is not necessary correlated with a slower growth. In this study, no obvious malformations of the skeleton, such as scoliosis, kyphosis or neoplasia, were detected, which were instead reported in several previous studies on larval bony fishes [53] [54] [55] . Lastly, there seem to be no obvious functional trade-offs of ocean acidification and warming on skeletal mineralization. In other words, the measured changes in skeletal density appear to be side effects of possible neurological, physiological and ecological stressors on fishes which need to maintain homeostasis during acid-base and thermal challenges.
(b) Ecological consequences of changes in skeletal density and morphology
Changes in skeletal mineralization have the potential to significantly alter performance and energetics of fishes. In fact, the density of HA in the skeleton directly affects mechanical properties and physiological performance [56, 57] . Skates may even gain a mechanical advantage at high CO 2 during feeding by increasing jaw mineralization by 67%. However, when both temperature and CO 2 were considered, jaw mineralization did not increase significantly. There is a well-established correlation between skeletal mineralization and resistance to deformation from loads [22, 23] . Higher mineral content in the cartilage leads to increased stiffness and strength of the skeleton, and, in fact, fishes that reach high speeds during locomotion generally possess a stiffer and stronger skeleton that allows them to transfer energy more effectively. However, wing mineralization was lower at the higher temperature tested (figure 3). Previous work on skates suggests that a large portion of costs of locomotion during swimming at high speeds (approx. 2 body lengths s
21
) is derived by the necessity to stiffen the wing through creation of a transversal arch (or a notch) on its margin [16, 17] . As a consequence, we would expect that metabolic costs of locomotion might increase even further with fins that are less stiff and need active deformation [58] [59] [60] [61] . Figure 3 . HA density (mg cm 23 ) for each skeletal part sampled at two temperatures (15 and 208C) and CO 2 conditions (400 and 1100 matm). Asterisks indicate statistically significant differences in means between treatments and control (158C and 400 matm) using a two-way ANOVA (n ¼ 10; factors: temperature and CO 2 ) followed by Dunnett's test (a ¼ 0.05).
On the other hand, at low speeds, skates prefer to walk on the substratum using modified fins, the crura [62, 63] . Macesic & Summers [64] found that the stiffness of the cartilage in the crura was a good predictor of the ability of batoids to walk. In fact, skates with denser crura were also most likely to exhibit this behaviour [64, 65] . In the present study, HA density in the crura was higher under simulated ocean acidification at both temperatures; therefore, skates may increase the frequency of walking under low pH scenarios. The advantages acquired during walking, however, need to be weighed with the consequences of a denser, and hence heavier, skeleton. As the tesserated cartilage becomes more mineralized, buoyancy decreases, thereby reducing locomotor efficiency [66] . Ecological studies have reported that batoid fishes with denser skeletons tend to remain on the bottom of the ocean and are much less active than those with a lower cartilage mineral content [64, 65, 67] . The sluggish behaviour of benthic elasmobranchs may then be a consequence of the high metabolic costs of swimming incurred with a less buoyant and denser skeleton. Elasmobranchs, in fact, lack a gas bladder, and they need to actively push water downwards to create hydrodynamic lift [68] [69] [70] [71] . Interestingly, an increase in metabolic costs during escape responses has already been reported for elasmobranchs under ocean acidification [12] , and the present study provides an additional mechanism to explain increased costs of locomotion under simulated future ocean conditions.
Benthic fish species are expected to move to deeper waters to find thermal refugia [72, 73] . These deeper cooler waters are characterized by generally higher CO 2 concentrations [9, 74, 75] and may therefore exacerbate the effect of climate change (through lower pH) on skeleton mineralization. The most intriguing aspect of the results from this study is that ocean acidification and warming have unanticipated consequences on morphology and, consequently, ecology of marine fishes. We now know that ocean acidification and warming are not only affecting the skeleton of carbonate systems, such as shell-producing invertebrates, but also of phosphate systems, and in particular fishes. Collectively, ecophysiological and morphological studies on the effect of climate change on fishes have demonstrated that many marine species are unlikely to fare well in the near future, especially when they need to cope with a combination of stressors such as warming, acidification, hypoxia, pollution, habitat destruction, and overfishing, which can all reduce physiological performance and resilience under future scenarios.
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